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It is appropriate that this symposium honoring D r .  Storch should 
focus on catalysis, n field in which he made so many contributions and 
in which he published widely, most recently posthumously in the compre- 
hensive review with D r .  William IJu (1). 
llenry Storch and to be greatly impressed by his high scientific standards 
and his creative research accomplishments. One of his greatest contribu- 
tions was in attracting to the Bureau of Nines and training highly 
competent scientists and engineers who still constitute a research 
resource of great present national value and who, in a real sense, are 
continuing his research efforts. 

I am greatly honored to be the recipient of the 1975 Storch Award 
for advancement of coal chemistry. 
primarily petroleum research. This year's award is n further sign of 
the integration of coal and petroleum chemistry into a single more 
fundamental field of the science of fossil fuel energy. Also, this 
award more than usually is a recognition of the contributions of my 
colleagues, particularly those in the Burenu of Nines Laboratories 
(now the Energy Research and Development Administration) since this is 
where recent experimental work was carried out. 

of synthetic fuels and chemicals from coal. 
discuss certain aspects of catalysis research which seem important 
to draw to your attention. For this purpose, research programs in 
which I have been involved will be used to illustrate ideas believed 
to be of catalytic significance including implications for the future. 

It was my priviledge to lcnow 

Until 1960, my work involved 

The following papers in the symposium deal with specific topics 
It is my priviledge to 

Coal Liquefaction 

Catalysis is vitally needed for the success of each of the four 
generic coal liquefaction processes--pyrolysis, solvent extraction, 
direct hydroliquefaction, end indirect synthesis (from CO + Hp). 
Liquids produced by pyrolysis and by solvent extraction require cata- 
lytic refining to remove unwanted constituents (sulfur, nitrogen and 
oxygen) and to upgrade them to the proper boiling point and, if the 
desired product is gasoline, to provide the suitable octane number 
quality. 

Pyrolysis 

An early catalytic coal project concerned the cracking/refining of 
tar produced by low temperature pyrolysis of coal. It was found that 
active catalysts suitable for cracking petroleum produced very high 
coke yields but greatly improved results could be obtained by using 
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very low a c t i v i t y  c a t a l y s t s .  This  type of c a t a l y s t  provided the  b e s t  
belance of r e a c t i o n s  f o r  cracking of coa l  t a r s ,  which have a high 
tendency t o  coke. 

low a c t i v i t y  cracking c a t a l y s t  w a s  found t o  g ive  the b e s t  products  
d i s t r i b u t i o n  including lowest coke. This  was developed t o  a camnercial 
scale-- the Houdresid Process  (2). 
mount  of steam was used with the r e a c t a n t s  t o  assist i n  desorbing 
r e a c t i v e  fragments (3). 

t ion of c a t a l y s i s ,  it i s  necessary t o  balance the  k i n e t i c s  of severa l  
reac t ions  proceeding simultaneously. For both coa l  and coal  der ived 
l i q u i d s ,  it i s  des i red  t o  car ry  o u t  molecular cracking and y e t  t o  avoid 
polymerization ( e s p e c i a l l y  of aaphal tenea)  which lead t o  coke formation, 
Figure l a  and lb. Thus, the  func t iona l  p r o p e r t i e s  of t h e  c a t a l y s t  muat 
be balanced and condi t ions  of operat ion,  notably temperature, must be 
adjusted so as  t o  accomplish cracking but  avoid coking. 

L i t 0 1  

I n  a s i m i l a r  s i tuat ion-cracking petroleum residua--the use of a 

I n  t h i s  case ,  a r e l a t i v e l y  l a r g e  

Now, it is important t o  recognize t h a t  f requent ly  i n  t h e  appl ica-  

- 
Another experience i n  coa l  c a t a l y s i s  was the  development of a 

c a t a l y r t  t o  upgrade t h e  " l i g h t  o i l "  produced i n  conventional high 
temperature coking of coal .  ( I n c i d e n t a l l y ,  it i s  of p r a c t i c a l  s i g n i f i -  
cance t h a t  one f i f t h  of a l l  coa l  mined i n  the  United S t a t e s  i s  employed 
i n  t h e  p r c d u t t i c n  =f meta l lurg ica l  coke, v i t a l  i n  the manufacture of 
r tecl . )  
range, c o n t a i n s ,  beside benzene, higher  aromatic homologs, s u l f u r  
containing compounds, e s p e c i a l l y  thiophene, a s  well as  paraf f ins .  For 
high q u a l i t y  benzene required by t h e  chemical industry,  even 0.1 percent  
p a r a f f i n s  a r e  t o o  much and the  s u l f u r  conten t  must be reduced t o  l e e s  
than one ppm. I n  t h e  LITOL procers  developed a t  t h e  Houdry Laboratory, 
l i g h t  o i l  and hydrogen are passed a t  high temperature and prersure  over 
a f ixed  bed of c a t a l y s t .  
(C H,$S thiophene + H2* C4H10 + H2S), p a r a f f i n s  t o  gases  (C4H16 + H2+ 
Cjftg + C4H 0) and aome hydrodealkylat ion occurs  (C6HgCH3 + Hp -+ 

i n  Table 1 (4). 
and conta ins  l e s s  than 0.05 ppm CS2. 
aequsnce f o r  hydrodealkylat ion as  wel l  as process  engineer ing have been 
dercr ibad (5). 

c a t a l y s t  with s u i t a b l e  a c t i v i t y  s e l e c t i v i t y  and s t a b i l i t y .  
war a r p e c i a l  problem brcaure of t h e  r e l a t i v e l y  high temperatures used. 

l ined  above p l u e  some invent ive  ideas  a s  how t o  prevent c r y s t a l  growth 
( leading t o  i n a c t i v a t i o n ) ,  a c a t a l y s t  w a s  developed having performance 
l i f e  of r s v e r a l  years  and vhich i s  i n  comnercial use i n t e r n a t i o n a l l y  
(cf. 6). 

The so c a l l e d  secondary l i g h t  o i l ,  b o i l i n g  about the  140 - 3 0 p P  

Sulfur  compounds a r e  converted t o  H2S 

a 4  + C6HSi. 
The chemical c o n s t i t u e n t s  of a t y p i c a l  change and product a r e  given 

The benzene product i s  of 99.94 percent  p u r i t y  o r  b e t t e r  
The k i n e t i c s  and r e a c t i o n  mechanism 

Concurrent with procesr  development,it w a s  necessary t o  produce a 
S t a b i l i t y  

, A s  t h e  result of r y r t a n a t i c  r t u d i e s  of t h e  e f f e c t  of var iab les  out- 
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The systematic research program measured and co-related prepara- 
tional methods with physical, chemical, and catalytic properties. 
Preparational variations are: 

0 major constituents Cr 0 , A 1  0 
0 method of preparati~n~-~copr?c?pitation, dipping 
0 conditions of drying and calcining - time, temperature, 
0 pellet formation 

and minor, eg., Na20, Si02 

atmosphere 

Physical and chemical properties include: 

0 

0 

0 

crystal structure, surface area, pore volume, pore size 
distribution 
pellet strength 
state of surface oxidation and of acidity by oxygen chemi- 
sorption, iodine and base titration 

A further variation in control of surface chemistry, and hence of 
catalytic properties, is by the addition of compounds added while in 
process, s u l f u r ,  ammonia, water, halides, etc. 

properties, standardized catalytic tests were carried out, tests 
designed to provide diagnostic information. 
individually can be used to determine dehydrogenation properties-- 
cyclohexane, isomerization-cyclohexene, and dehydrogenationlisomerization 
interaction - methyl cyclopentane (7) .  
y i e l d  less than equilibrium product.. These tests can be correlated with 
catalyst preparatton variables and with physical and chemical tests. 

The point to be made is that the "art" of catalysis, important to 
success, is to recognize, measure, and control the critical importance 
of, for example, drying a gel when enormous structural changes occur 
which determine the character of the catalyst Just as importantly 8s 
overall composition. Only a few attempts have been made to describe 
in a methodical manner techniques in catalyst preparation. 

Coal Hydroliquefaction 

To correlate the effect of preparation Variations with catalytic 

Model compound. tested 

Test conditions are chosen to 

A comparison of the chemical composition of coal, petroleum, and 
gasoline (Table 2) and molecular structure quickly identified from a 
chemical viewpoint the changes which are required to transform coal to 
petroleum products. In fact, five changes or steps are needed. First, 
it is necessary to transform coal into a Liquid form, second to remove 
inorganic matter (ash), and third to remove S, N, and 0 heteroatoms 
and transform asphaltenes, usually by means of hydrogenation. Fourth, 
molecular size muet be reduced (cracking) and frequently a fifth step 
is needed to increase the octane number of the gasoline produced 
(reforming). Bringing coal to a liquid state is relatively rapid, 
but the product formed is high in aaphaltenes. It is the hydro- 
cracking of asphaltenes which is slow. 
lapping of reactions occurs in a single process step, e.g., partial 
cracking and hydrogenation occur during liquefaction. Figure 2 ,  taken 

In actual practice some over- 
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from a review ( 8 )  which emphasizes novel c a t a l y s t s ,  a l s o  depic t s  how 
three types of l i q u e f a c t i o n  processes accomplish the  required changes. 
Cata lys t s  used by t h e  Germans (9)  as well  as  more modern petroleum 
c a t a l y s t s  are a l s o  spec i f ied .  

Mechanism of  Hydrol iquefact ion 

An o v e r a l l  mechanism of c a t a l y t i c  hydrol iquefact ion of coal (10) 
which has much support  f o r  many c a t a l y s t  systems views the  primary s tep  
t o  be t ransformation of coa l  t o  asphal tenes .  This  can occur p r i n c i p a l l y  
as  a thermal reac t ion .  The highly r e a c t i v e  fragments a l t e r n a t i v e l y  can 
polymerize or they can be hydrogenated t o  s t a b l e  products i f  s u i t a b l e  
c a t a l y t i c  c i rcumstances a r e  provided (Figure 3 ) .  
able t o  provide r a p i d l y  a c t i v a t e d  hydrogen t o  the  fragments. Of course, 
addi t iona l  t ransformat ions  can occur on the  c a t a l y s t  sur face ,  such as  
isomerizat ion and/or  cracking. According t o  t h i s  scheme, the amount of 
benzene i n s o l u b l e s ,  asphal tene and o i l  i n  the  product depend upon the 
r e l a t i v e  r a t e s  of s p l i t t i n g ,  hydrogenat ion-stabi l izat ion of fragments, 
and polymerizat ion of  fragments. The product d i s t r i b u t i o n  should 
correspondingly depend upon the presence of s p l i t t i n g  c a t a l y s t s ,  hydro- 
genation c a t a l y s t s  and high pressure  hydrogen. Cata lys t s  have been 
exmined from t h i s  viewpoint 8s a means of determining how they 
funct ion (10). The importance of knowing the a c t u a l  a t  l e a s t  major 
pathway is t h a t  it leads  t o  ideas f o r  improvements of key s teps  and 
cont ro l  of proper  t r a n s p o r t ,  hydrogen a c c e s s i b i l i t y ,  e tc .  The above 
pathway--thermal cracking and subsequent c a t a l y t i c  transformation-- 
is c o n s i s t e n t  wi th  t h e  p r a c t i c e  of using high hydrogen pressures  ( t o  
provide f o r  hydrogen a v a i l a b i l i t y )  and avoidance of too hieh temperatures 
where the genera t ion  of r e a c t i v e  fragments would exceed t h e  c a p a b i l i t y  
of t h e  c a t a l y s t  to  handle them, e s p e c i a l l y  as t h e  r a t e  of undesirable  
polymeri ia t ion increases  a t  a hieher  power. 

Synthoil 

The c a t a l y s t  must be 

The growing c a p a b i l i t y  t o  hydro t rea t  petroleum over fixed-bed 
c a t a l y s t s ,  l e d  t o  my suggestion t h a t  mixtures of coal i n  recycle  o i l  
could be d i r e c t l y  l i q u e f i e d  over Co-Mo-A120j type c a t a l y s t s .  In  t h e  
f i r s t  experiments, to  the s u r p r i s e  of some, runs of many hours were 
achieved without  plugging t h e  r e a c t o r  and with promising converaion 
leve ls .  
and hydrogen flow r a t e  so a s  t o  have gaseous turbulen t  flow demonstrated 
f u r t h e r  advantages in  c a t a l y s t  s t a b i l i t y  and r e a c t i v i t y  leading to the 
development of  t h e  Bureau of Mines Syntlioil Process. 
capable of process ing  about e i g h t  T/D is being constructed. 
ment of  the Synthoi l  process has been c a r r i e d  o u t  vigorously by Aktar 
and Yavorsky (11) and t h e i r  assoc ia tes .  
t h e  e f f e c t  of process  v a r i a b l e s  and provided an i n s i g h t  as t o  the 
reac t ions  from t h e  chemica l / s t ruc tura l  na ture  of t h e  products. 

As f a r  as t h e  c a t a l y s t  is concerned, some v a r i a t i o n s  i n  composition 
and physical  s t r u c t u r e  have been es tab l i shed ,  although i t  is f a i r  to say 
t h a t  much remains t o  be es tab l i shed  and t h e r e  appear t o  be r e a l  oppor- 
t u n i t  ies f o r  improvements. 

Later concepts  by o t h e r s  f o r  opera t ion  with a r e a c t o r  geometry 

A p i l o t  u n i t  
The develop- 

They have described i n  d e t a i l  
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Catalysis for the Integral Gasification 
Hydrocarbon Synthesis ( IGHS) 

The objective of the transformation of coal into hydrocarbons can 
be symbolized from a chemical viewpoint by the reaction 

1. 2c + 2150 -+ at4 + co2. 

This reaction is balanced stoichiometrically and nearly so cnlorime- 
trically. However, ns is well known, for the steam-cnrlmn rp,>ctior. to 
occur at sufficient speed to be of comercial interest requires a 
temperature of about 90OoC. 
112 + CO as products since hydrocarbons are not sufficiently stable. 

This high temperature results in primarily 

2 .  c t II2O +112 + co 

Ceaction ('2) is hiehly endothermic. 

below about 5OO0C 
Three reactions between CO and H2 which are of interest occur 

3a. 

3b. 

3c. CO + 2H2+CIt3011 

If the steam-carbon reaction (1) could be accelerated so as to 

CO + 3H2 *CI14 + H20 

nCO + (2n+l)H2 j Cnl12n+2 + n1120 

These reactions are a11 exothermic. 

proceed sufficiently rapidly at 5OO0C, then products shown in reaction 
(3)  could be produced aimultaneously with improved thermal efficiency 
and also with lower equipment cost. 
for development of catalytic systems to speed up the steam-carbon 
reaction (12) ,  (13). 

gasification-hydrocarbon synthesis (E) vas accomplished to a substan- 
tial extent. This was achieved in part by the mechanical arrangement 
by using a fluid bed having two zones, the top or exit zone operating 
at about 1400'F as shown in Figure 4 (14). 1.s an example, product gas 
from Illinois .:6 coal on n mole percent basis is 17 C114, 31 I t 2 ,  20 CO, 
and 3 2  C02 .  
more than half the ultimate methane in the gas following methanation. 

It is also believed that the mineral matter in the coal (Fe, Na, 
and Ca) plays a significant role in hydrocarbon synthesis. Haynes and 
Forney have shown the acceleration of gasification by adding inorganic 
salts (15). 
partially attributable to its high alkali content. 
of high alkali ash will be a useful catalytic procedure. 

hydrocarbon synthesis as a single integrated operation. 
is desirable, it should also be possible to produce higher hydrocarbons 
(transportation of ethane and propane by pipeline is more economical 
than methane). 
aromatic hydrocarbons integrated with coal gasification. The advantages 

Thus, there is a great opportunity 

In our work on the Synthane coal gasification, the integrated 

On a CO2-free basis, the methane is 26 percent and is 

The rapid rate of gasification of lignite is at least 
Possibly recirculation 

An important objective should be to carry out coal gasification/ 
While methane 

It s\ould also be possible to produce methanol and/or 
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of manufacturing methane/methanol as co-products was previously pointed 
o u t  (16). 

i n  the steam-carbon reac t ion .  
catalysts. Base c a t a l y s t s  have many unusual c h a r a c t e r i s t i c s ,  f o r  ins tance ,  
t h e  nature  of  r e a c t a n t / c a t a l y s t  complex. 
formate ion  in te rmedia te ,  which r e s u l t s  i n  e i t h e r  H? + C02 or  a l t e r n a t i v e l y  
to  a hydrogenated product RIIg i f  a hydrogen acceptor ,  R, is present .  
(CO-steam nrocese)  

An a d d i t i o n a l  i n t e r e s t i n g  poin t  is t h a t  base c a t a l y s t s  a r e  e f f e c t i v e  
The petroleum indus t ry  r a r e l y  employs base 

Some evidence p o i n t s  t o  a 

Perhaps even more s i g n i f i c a n t  f o r  coa l  chemistry is the  concept t h a t  
t h e  c a t a l y s t  is mobile. Normally i n  c a t a l y t i c  reac t ions ,  the  r e a c t a n t s  
m v e  to an a c t i v e  c a t a l y s t  s i t e .  However, c a t a l y t i c  substances ( a l k a l i )  
having sur face  mobi l i ty  o r  indeed having v o l a t i l i t y  can operate  by moving 
t h e  c a t a l y s t  to  s o l i d  char  reac tan t .  I n  a broad sense,  t h i s  i s  an exam- 
p l e  of t h e  unusual dynamic na ture  of Cata lys t s  proposed some years  ago 
(17). 

Future 

There is  a major r e c e n t  na t iona l  comi tment  t o  manufacture Synthet ic  
f u e l s  from coal  on a massive s c a l e  and i n  what must be regarded as  essen- 
t i a l l y  t h e  immediate fu ture .  This comnitment recognizes t h a t  a major 
research and development e f f o r t  i s  v i t a l l y  needed t o  accomplish the 
i n s t a l l a t i o n  of processes  which a r e  of improved e f f i c i e n c y  and cost .  
Federal funding i s  being provided and growing academic and i n d u s t r i a l  
support. 
background, o b j e c t i v e s ,  and p r i o r i t i e s .  Prominent i n  research recom- 
mendations a r e  a l l  aspec ts  of c a t a l y s i s .  
systematic  d i a g n o s t i c  c a t a l y t i c  t e a t s  t o  fol low v a r i a t i o n s  i n  c a t a l y s t  
preparat ion seems t o  need more emphasis i n  comparison t o  the  approach 
of fundamental knowledge of the physics of surfaces .  A t  t h i s  s tage  of 
development, the r e a c t i o n  mechanism, including t ranspor t  phenomenon, 
needs c l a r i f i c a t i o n  i n  order  t o  provide t h e  b a s i s  f o r  improving key slow 
s t e p s .  Also, new ideas  a r e  needed and must be t e s t e d  i n  the  a reas  of 
photo,  b i o  o r  coord ina t ion ,  b a s i c  and mobile c a t a l y s t s .  Based on t h e  
advances made i n  appl ied  c a t a l y s i s  i n  t h e  l a s t  severa l  decade. i n  f u e l  
chemistry, e a p e c i a l l y  i n  the  petroleum And petrochemical indus t ry ,  it 
can be expected w i t h  confidence t h a t  major new c a t a l y t i c  developments 
w i l l  provide the technology f o r  a h ighly  e f f e c t i v e  synthe t ic  f u e l s  from 
c o a l  industry. 

Several  workshop meetings (18-22) have s e t  f o r t h  t h e  technica l  

The importance i n  car ry ing  o u t  
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CATALYTIC LIQUEFACTION OF COAL AND qEFINIEG OF PRODUCTS. Alex G. Oblad, 209 Mineral 
Sciences Building, University of Utah, Salt Lake City, Utah, 8411?. 

The catalytic conversion of coal to liquids and hydrocarbon gases is an old art. 
It was practiced on a large scale in Germany prior to and during World Uar 11. During 
the preceding years, the technology was largely developed by German scientists and 
engineers. Development has been active in other nations as well, including the United 
Kingdom, France, Italy, Poland, and others. The United States' effort goes back to 
1936. 
various stages of development. Some improvements have been made in processifig steps 
and catalysts. Catalytic coal liquefaction is difficult, primarily because of 
numerous restraints such as transport, thermodynamic, kinetic, reactor environment and 
separation limitation*. 
will be discussed. An attempt will be made to indicate new proceca and catalyat 
possibilities for coal liquefaction. 

Modern versions of these older catalytic coal liquefaction processes are in 

The present state of the technology and catalyst development 
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CATALYTIC SYNTHESIS OF CHEnIcAts  F W  COAL 

Irving Uender 

Pittsburgh Energy Research Center 
U.  S. Energy Research and Development Administration 

4800 Forbes Avenue, Pittsburgh, Pennsylvania 15213 

While the o i l  needed f o r  the production of chemicals i n  the United States i s  only a 
small percentage of the t o t a l  oil consumed, the manufacture and use of chemicals 
from o i l  has a tremendous impact on the economy of the country. 
A. D. L i t t l e ,  Inc. (1) showed tha t  the impact of a 15% decline i n  production of 
organic chemicals could r e s u l t  v i a  a ' h l t i p l i e r "  effect ,  i n  a loss of over 1,700,000 
jobs and a $65-70 b i l l i on  loss i n  the production value of goods. One need only look 
around to see how pervasive and ubiquitous chemicals from o i l  a r e  i n  our everyday 
l i f e :  our clothes,  our automobile's in te r iors .  a l l ' s o r t s  of polymers, p las t ics ,  
drugs and medicinals, t i r e s ,  tubing (pipelines),  building materials -- the list is 
very long and very important t o  the economic health and growth of the economy. 

Another recent study (2) estimates that  by the year 2000, perhaps as much as  42% of 
the projected U. S. petroleum and natural  gas production (23.7 million barrels o i l  
equivalent per day)  w i l l  be needed to supply the projected U. S. demand fo r  petro- 
chemical feedstocks. Even i f  t h i s  projection is too high, there w i l l  s t i l l  be a 
very large increase i n  the demand f o r  petrochemicals. 
of our domestic o i l  and gas production would be needed to  supply petrochemicals. 
But, the projected growth f o r  petrochemicals is so large, Sherwin and Puchs 
estimate that petrochemical demand i n  the year 2000 w i l l  require 10.3 million 
bar re l s  o i l  equivalent per day. This is approximately equal t o  a l l  of our present 
domertic production of crude o i l .  

To meet t h i s  demand for  petrochemicals i n  the year 2000, i t  wi l l  be necessary to  
u t i l i z e  non-conventional hydrocarbon sources, such as coal and shale o i l ,  for the 
production of petrochemical feedstocks. Coal, which comprises over 80% of the 
known recoverable f o s s i l  fue l  renerves i n  the United States.  is the most l ike ly  
candidate as the "chemical resource material of the future." Figure 1, p a r t  of 
which is  from their  paper, shows how primary and intermediate organic feedstocks 
can be produced s t a r t i ng  from coal.  

This paper le concerned ch ief ly  with the ca t a ly t i c  synthesis of chemicals from coal.  
While i t  is not l ike ly  that coal o r  any other new source w i l l  be used fo r  chemicals 
for  possibly five o r  ten  years (extensive manufacture of chemicals from coal,  
except v i a  high-temperature carbonization, w i l l  not occur for a t  least  a decade), 
t h i s  paper endeavors t o  point out the routes to chemicals from coal,  emphasizing 
those that  involve the use of ca ta lys t s .  

The "Structure" of Coal 

A recent study by 

A t  present, only about 10% 

We have a good idea, a f t e r  a vas t  amount of research, of the structures of the 
myriads of compounds found i n  crude petroleum. Coals, however, d i f f e r  more widely 
i n  composition than do petroleum crudes. In  addition, the physical disadvantages 
of coal re la t ive  to  petroleum are  tha t  i t  is so l id  and has a high ash content, 
which ranges from a few percent t o  20% or more. It w i l l  be of help to understand 
the consti tution of coal;  i n  t h i s  way, we w i l l  know how to process it t o  chemicals. 
What is surprising i s  that coa l ,  i n  sp i t e  of its complexity, often behaves as you 
would expect an aromatic o r  hydroaromatic organic compound to behave. 

I 

'I 
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We know enough technology t o  be able to obtain chemicals from almost any carbon- 
containing material, from wood to  carbon dioxide, and everything i n  between. 
But the nature of the subs t ra te ,  i n  t h i s  case coal,  w i l l  strongly influence its 
treatment to  y i e l d  chemicals. So le t  u s  f i r s t  look a t  the "structure" of coal.  

There has been a very large e f f o r t  made over many years t o  determine the structure 
of coal.  The f u l l  weight of the t rad i t iona l  method; elemental analyses, qualitative 
chemical t e s t s  and degradative reactions, plus modern tools of instrumental analysis 
have been turned loose on coal. 
that mst of t h i s  a t tack  has been aimed only a t  the cons t i tu t ion  of bituminous 
coals,  usually of 81 to  862 carbon on a moisture and ash-free (rnaf) basis. 
l i t t l e  i s  known about the s t ruc ture  of subbituminous coals o r  of l i gn i t e ,  although 
these consti tute the major coal reserves of the United S ta tes .  
to  note that, while about three-quarters of our coal reserves are west of the 
Misaissippi (mostly lower rank coals,  subbituminous and l i gn i t e ) ,  about 70% of the 
coal presently used i n  the  United States comes from the higher rank bituminous 
coals found eas t  of the Mississippi.  

Given (2) has developed a s t ruc tura l  mde l  which has the elementary composition of 
a v i t r a in  of a carbon content of 82%. This model is a convenient visualization of 
cer ta in  analytical  data. It is useful,  especially for  discussion purposes, and I 
would have hoped that the same type of convenient visualization could be done for 
higher and especially lower ranks of coal. However, I tend not t o  use the type of 
model discussed above. Instead, a f t e r  working with coal for some t i m e ,  I find 
myself choosing what amounts to a representative small portion of such a model for 
chemical guidance. 
coals of intermediate rank having intermediate structure.  I w i l l  only mention the 
f i f t h  rank, anthracite.  Anthracite has a large condensed polynuclear structure,  
usually contains l i t t l e  ash,  and has a low oxygen and su l fur  content. It makes an 
excellent fuel and is i n  grea t  demand for combustion and metallurgical purposes. 
But it is an expensive coa l ,  and found only i n  cer ta in  areas of the East. Because 
of i t s  structure,  it is not eas i ly  processed t o  chemicals; it can be gasified,  but  
i t  is almost impossible to 'convert  in to  a liquid. 

The structurea shown i n  Figures 2-5 are not coa l  models. 
me a t  l eas t ,  a convenient way of cataloging the chemical structures so that  the 
reactions of the various ranks of coals can be understood, a t  l ea s t  in a pre- 
liminary way. 
they are ,  in short ,  frames of reference. The four ranks of coals given in  Figures 
2-5 a re  a low-volatile bituminous coal (coal A), a high-volatile A bituminous coal 
(coal B),  a subbitumlnous coa l  (coal C)  and a l i gn i t e  (coal D). 
data given for each coal a r e  the resu l t s  of an analysis of an actual coal sample. 
It i a  possible t o  discuss a number of reactions of coal in t e r n  of theae repre- 
sentations.  The s t ruc tures  help to understand the way the ranks of coal react 
under d i f fe ren t  conditions; we can also use some of the reactiona t o  support OK 
a t tack  the validity of these 8tructures. 
r e f e r  back to these representations for  the d i f fe ren t  ranks of coal. 

An examination of the l i t e r a tu re  reveals,  however, 

Very 

It is interesting 

Pour ranks of coal a r e  usefully distinguished i n  t h i s  way, with 

But they represent, to 

They a r e  useful as an aid to  memory and a basis fo r  prediction; 

The analytical  

A t  various points i n  th i s  paper, I shall  

Gasification of Coal t o  Synthesis Gas and Production of Chemicala from S m a s  

There a r e  five general routes available t o  convert coal to  chemicals. The f i r s t  
that  I wish t o  discuss is the production of chemicals from synthesis gas -- that  
is, mixtures of hydrogen and carbon monoxide. These gases a re  produced by the 
gasification of coal. 
cleaned, ca ta ly t ica l ly  rh i f ted  v i a  the water gas s h i f t  reaction t o  the desired 
hydrogen-to-carbon monoxide r a t r  and the carbon dioxide and hydrogen sulfide 
(and other su l fur  compounds) removed to the levela needed for further ca ta ly t ic  
reactions.  

After leaving the gas i f i e r ,  the syngas mixture w i l l  be 
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Mammth Bed, Wyo. (Subbihlminous A) 
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One large-scale, commercially proven route to  take from here is the production o f  
methanol. 
using almost en t i re ly  syngas obtained by the steam reforming of methane over a 
nickel catalyst .  
CO + 2H2 + CH30H a t  pressures near 4000 p s i  and temperatures near 35OoC, o r  a 
copper-zinc oxide-on-alumina ca ta lys t  is used a t  lover pressures (800 to  1500 
psi)  and temperatures near 25OoC (5). 
Coal, it is anticipated tha t  the large scale production of methanol from Coal can 
be done i n  t h i s  way. 

Because of the large production tha t  w i l l  be ca l led  for  as methanol produced from 
coal becomes necessary as a chemical feedstock, t w o  improvements i n  methanol 
ca ta lys t s  would be desirable. 
Zinc chromite and (especially) copper-zinc oxide-on-alumina are sens i t ive  to 
su l fur  poisoning. 
feed gas would be very useful  with coal-derived synthesis gas. 

The methanol synthesis is a highly exothermic reaction. 
using a three-phase reactor  where synthesis gas contacts the ca ta lys t  i n  the 
presence of an i n e r t  liquid which serves to remove the heat of react ion (I). In 
t h i s  way, it is hoped that larger  conversions per pass could be obtained than in 
the conventional gas-solid fixed bed reactor. 
reactor, it may be possible t o  produce some useful derivative of methanol from 
syngas direct ly .  

Another source of chemicals from coal-derived synthesis gas is the Fischer-Tropsch 
(FT) synthesis. This is being carr ied out i n  a small-scale commercial plant (5000 
barrels/day) a t  SASOL i n  South Africa, mainly to  produce fuels. 
as done a t  SASOL, H2 + CO mixtures react  over i ron catalysts  t o  produce mixtures of 
hydrocarbons and oxygenates. 

The present U. S. production of methanol is about 10,000 tons/day, 

A zinc chromite ca ta lys t  is used for  methanol synthesis 

Given a clean synthesis gas derived from 

Both are  being studied by various investigators. 

A methanol ca ta lys t  more tolerant  t o  sulfur  compounds i n  the 

Studies are being made 

Also, by varying the l iquid in this 

In  the FT synthesis 

The reactions are 

n CO + (2n + 1) €I2 + CnH2. + + n H20 

n CO + 2n H 2  -P CnH2n + n H20 

n CO + 2n H2 -P CnH2n + 2O + (n-1) 820 

In the plant a t  SASOL, two types of reactors are used. One is a fixed bed reactor 
containing an iron ca ta lys t  and operates near 23OoC and a t  pressures near 400 psi.  
The second is a "Synthol" entrained bed reactor  operating a t  33OoC and 350 p s i  and 
uses a different  type of i ron ca ta lys t  spec i f ica l ly  designed for  t h i s  type of 
operation. A s  can be seen i n  Table 1, there is a great  deal of difference in the 
product dis t r ibut ion from the d i f fe ren t  reactors (a). 
tha t  i n  the i r  planned ten-fold expansion, %SOL intends to  use only entrained bed 
reactors. 

A s  shown by the data  i n  Table 1, the choice of ca ta lys t  and operating conditions 
profoundly a f fec ts  the product d i s t r ibu t ion  i n  the FT synthesis. A s  a fur ther  
example of th i s ,  i n  preliminary work a t  the Pittsburgh Energy Research Center of 
ERDA using an iron-on-silica-alumina ca ta lys t ,  almost a l l  of the hydrocarbons 
formed from syngas a t  32OoC were i n  the C 1  t o  C4 range, primarily paraff ins  (L). 
Ethylene glycol is another chemical which can be obtained by reacting equimolar 
amounts of carbon monoxide and hydrogen i n  the presence of rhodium dicarbonyl- 
acetonylacetonate (2). 

It is of i n t e r e s t  t o  note 

\ 
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Fixed bed 
reactor 

Temperature, "C 220-240 

H&O r a t i o  i n  feed gas 

Primary products t o t a l  o le f ins  

Pressure, bars 26 
1 .7 : l  

W t  p c t  W t  pct 

c1 ............... 7.8 -- 
C2 ............... 3.2 25 

c3  ............... 6.1 64 
c4 ............... 4.9 51 
C5-Cll .......... 24.8 50 

> c20 .......... 36.2 - 15 
c12'c20 .......... 14.7 40 

Alcohols, ketones . 2.3 -- 
Acids ........... -- 

Synthol 
reactor 
320-340 

22 
3: l  

w t  pct w t  pct 
t o t a l  o le f ins  

13.1 -- 
10.2 43 

16.2 79 
13.2 76 
33.4 7 s  
5.1 6 s  
-- -- 
7.8 -- 
1.0 -- 

The reaction of methanol with carbon nunoxide to  form ace t ic  acid i s  homogeneously 
catalyzed by e i the r  cobaltous iodide or an iod ide-prmted  rhodium carbonyl complex. 
The l a t t e r  ca ta lys t  is more e f f i c i en t  since it allows the reaction to proceed a t  
l ow pressurea (200 psig), a temperature of 175OC. and a very high se l ec t iv i ty  of 
methanol t o  acetic acid of 99% (lo). 
"As coal replaces natural  gas and petroleum a s  a source of petrochemical raw 
materials, the most important building block is expected t o  be synthesis gas... 
the methanol carbonylation route t o  ace t ic  acid should enjoy an enviable raw 
material position i n  the t r ans i t i on  from natural  gas and petroleum to coal as  a 
petrochemical raw material base." 

The authors of t h i s  review paper s t a t e  that 



23 

* 
\ 

The chemistry of t h i s  reaction has been studied i n  de t a i l ,  and the reaction is 
believed to occur v ia  the following steps. Methanol and hydrogen iodide react 
reversibly to fo r t ax thy1  iodide 

CH30H + H I  * CH31 + H 2 0  

which then reacts with the metal carbonyl, probably through oxidative addition, to  
form a methyl carbonyl complex 

CH31 + M(CO),Ly + (CH3)MI(CO),Ly 

where M - Co or Rh and L is a ligand other than CO. 
"insertion reaction" 

The next s t e p  is the CO 

(CH3)MI(CO)&y + CO + (CH3CO)MI(CO),L,,. 

This l a s t  complex then reacts with water t o  form CH3COOH, HI, and regenerates the 
original complex, M(CO)~L,,. 

The homlogation of methanol to  ethanol using synthesis gas and C O ~ ( C O ) ~  as  the 
ca ta lys t  was f i r s t  reported i n  1951 (11). 

185OC 

Table 2 gives reaction conditions and products formed in  a batch autoclave experiment 
where 76% of the s ta r t ing  methanol had reacted. 
Research Center of ERDA is under way to  improve the yields of t h i s  reaction (E) .  
Gas chromatographic analysis of the reaction mixture shows that i t  can contain as  
many as 25 compounds. This indicates the need t o  find ca ta lys t s  o r  conditions to 
make the reaction m r e  se lec t ive ;  however, ethanol is the major consti tuent of the 
product, and would thus be a source of ethylene, based on coal-derived methanol a s  
the raw material. 

Chemical Refining of Coal Liquefaction Products 

"Syncrude" obtained by the ca t a ly t i c  liquefaction (and hydrodesulfurieation) of coal 
w i l l  also serve as a source of raw materials for  the chemical industry. A review of 
coal liquefaction processes that  can now be seriously considered as providing a 
supply of petrochemical feedstocks has been recently prepared (13). 
can be divided into the following categories: 

Work a t  the Pittsburgh Energy 

The processes 

Hydroliquefaction -- Solvent Refined Coal (SRC) 
Catalytic hydroliquefaction -- H-Coal, SYNTHOIL Process 
Pyrolysis -- COED 
Extraction (and hydrotreating) -- Creaap t y p e  plant 
Indirect  -- Fischer-Tropsch (SASOL) 

Products from these processes a re  broken down by boiling range (mch i n  the way that 
petroleum fuels are considered) and, within each boiling range, hydrocarbon type 
analyses are given; l i g h t  consti tuents are identified.  One very important point 
that  is mentioned is that coal liquids d i f f e r  i n  the i r  aromatic, naphthene and 
cycloparaffin content from s i l i l a r  petroleum fractions.  

, 
Y 
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TABLE 2. Products from reaction of methanol with H7 + CO a t  
185°C and 4000 p s i  using Co2(C0)8 as  the ca ta lys t  

Yields as percent of 
converted methanol 

Methyl formate 
Methyl ace ta te  
Ethyl alcohol 
Ethyl ace ta te  
Propyl alcohol 
Propyl ace ta te  
Butyl alcohol 
Me thane 

Water 
Total  

.................. 2.0 .................. 9.0 .................. 38.8 .................. 6.3 .................. 4.7 .................. 0.1 .................. 0.9 .................. 8 . 5  

.................. 70.3 .................. 90.8 
- 

Several spec i f ic  petrochemicals which could be produced from these coal derived 
l iquids are:  

Olefins, v i a  steam cracking; 
BTX and naphthalene, recovered d i r ec t ly  and hydrocracking of heavy o i l s  

and extraction; 
Phenols, recovered d i r e c t l y ;  and 
Aromatic amines and N-bases, recovered d i rec t ly .  

O'Hara e t  a l .  present one possible scenario based on (economic) incentives t o  produce 
a l te rna te  petrochemical feedstocks from coal leading to  the construction of a number 
of plants.  
of coal i n  1985, 270,000 TPD i n  1990 and 570,000 TF'D i n  1995. 
conceptual scheme depic t ing 'a  combination of process s teps  which include coking, 
hydrocracking, hydrodesu 1 f u r i  eation, ca ta ly t ic  naphtha re  forming, aroma t ica 
extraction, extraction and fractionation, and gar recovery and fractionation. 

Table 3, taken from the i r  paper, lists the potential  for  production of petrochemical 
feedstocks from coal, based on the i r  assumptions i n  their  studies. 
gives a potential supply of ethylene feedstock ranging from 20% i n  1985 to  115% in 
1995 of t ha t  ured i n  1974. Similarly, for naphtha feedstock, the range is from 
82% (1985) t o  470% (1995). Benzene production coal l iquefaction processes 
could range from 9% t o  50% of  1974 volume. The authors sumnarize by s ta t ing  that 
a s ign i f icant  portion of our petrochemical needs can be produced from coal lique- 
faction procesres and that the potential  should be further evaluated, and the 
economics should be studied i n  d e t a i l .  

This scenario requires f a c i l i t i e s  t o  process 100,000 tons per day (TPD) 
They also present a 

This estimrte 

Chemicals by Oxidation of Coal to  Benzenepolycarboxylic Acids and Their Selective 
Decarboxylation to Phthalic Acids 

When coal i e  carefully oxidized, a mixture consisting largely of aromatic acids 
is produced. Two methods of oxidation have shown most promise, controlled a i r  
oxidation i n  the presence of a l k a l i  (l4) and oxidation by n i t r i c  acid (15); the 
f i r s t  method uses inexpensive oxidizing agents and is  preferred. 
were or ig ina l ly  carried out to  obtain s t ruc tura l  information by examination of 
the fragments produced by oxidative cleavage of the large coal molecules. 

The oxidation8 

1 
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A l l  aromatic compounds from toluene on up,  on chemical oxidation, eventually yield 
benzenecarboxylic ac ids ,  which a re  then s tab le  to  further oxidation. 
yields benzoic acid,  p-xylene yields terephthalic acid,  t e t r a l i n  o r  naphthalene 
yield phthalic acid and anthracene yields pyromellitic acid. 

Oxidative work has been used to  show that coal has an essent ia l ly  benzenoid 
structure.  
nature of the coal shows progresslve development during natural  maturing. It 
is not surprising tha t  the ultimate yield of benzenepolycarboxylic acids (BFCA) 
is a function of the molecular structure of the coal. Coal A ,  a low-volatile 
bituminous coal with its highly aromatic structure containing some hydroaromatic 
linkages, would probably give the b e s t  yield of BFCA. 
condensed polynuclear aromatic rings,  would oxidize with greater d i f f i cu l ty  t o  
give a larger yield of me l l i t i c  acid (benzenehexacarboxylic acid).  
oxidize a t  a greater r a t e  than coal A with perhaps a lower yield of BPCA; aromatic 
rings containing phenolic groups tend to oxidize to  quinones and then cleave. 
Coals C and D a re  more highly oxygenated, should oxidize rapidly but should not 
give acids with many carboxylic acid groups. 

Thus, toluene 

In going from coal  8tructures D to A (Figures 2-5), the aromatic 

Anthracite, with even more 

Coal B should 

See Table 4. 

TABLE 4. Distribution of benzenepolycarboxylic acids from oxidation 
of coals with a i r  and a l k a l i  

Percent 
carbon 
i n  coa l ,  Acids, percent 
maf T r i  Tetra Penta Hex8 

84 3 9 5 5 
88 6 12 8 7 
91 4 9 8 8 
92 4 11 10 12  
94.5 1 5 7 17 

The product from the oxidation of coal with a i r  and alkali was in te res t ing  enough 
f o r  a large chemical company t o  do bench-scale work on oxidizing coal to coal 
acids (2). 
(coal A) consisted of a mixture of benzenepolycarboxylic acids (about SOX by weight 
of the coal) and o ther  higher molecular weight, oxygenated materials of unknown 
s t ruc ture .  Potential  uses were found for the whole mixture, b u t  the crude product 
could not compete aga ins t  the re la t ive ly  pure compounds or mixtures usually demanded 
by our present sophisticated chemical industry. 
benzenecarboxylic ac ids ,  once they had been separated from the rest of t h i s  material, 
has not been adequately investigated. 

Though counaercialization did not occur, in te res t  i n  coal acids has remained high, 
and workers i n  laboratories scattered around the world have published on t h i s  topic 
i n  recent years (15-23). Analyses indicate that these coal acid mixtures may 
contain up to 95% benzenepolycarboxylic acid (BPCA). ranging a l l  the uay from 
phthalic acid t o  mellitic acid.  
mixture w i t h  but few separable components would make oxidation of coal and i ts  
derivatives a promising route to  valuable chemicals. 
conversion o f  coal acids to a mixture rich i n  isophthalic and terephthalcc acids. 
i s  feasible as a r e su l t  of a ca t a ly t i c  reaction discovered e t  the U. S. Bureau of 
Mines (24). 

The product of t h i s  controlled a i r  oxidation of a 90% carbon coal 

The poss ib i l i ty  of using the 

Conversion of t h i s  complex mixture t o  a simple 

This second step,  the 

i 
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? 

I n i t i a l l y ,  it was found tha t  when phthalic anhydride or phthalic acid was heated 
to 200% i n  the presence of Co2(CO)g and under pressure of synthesis gas (€I2 + CO), 
it was converted quantitatively t o  benzoic acid.  

COOH 

COOH 

This contrasts with other decarboxylation procedures which yield only benzene from 
phthalic anhydride or acid.  
carboxylic acids, up to  mel l i t i c  acid, could a l l  be se lec t ive ly  decarboxylated by 
this  same method to  yield principally iso- and terephthalic acids,  a s  shown fo r  
pyromellitic acid. 

Further experiments established tha t  benzenepoly- 

- QCMiii fJCOOH + co, 
HOOC' ' \ 

COOH 

pyromelli f ic  oci d isophthalic acid terephthalic ac id  

The decarboxylation occurs whenever there a re  two carboxyl groups on adjacent 
aromatic carbon atoms. 

This decarboxylation provides a way of converting the previously mentioned mixture 
of aromatic polycarboxylic acids into a simple mixture containing large and re- 
coverable amounts of isophthalic and terephthalic acids (17). both of which'have 
expanding markets a t  the present time. The present source of these ac ids  is  the 
xylene fraction obtained by dehydrocyclization of petroleum feedstocks. Demands 
for low-lead, high-octane gasoline may resu l t  In shortages of xylenes. 
coupled with the shortage of domestic petroleum, may encourage the w v e  t o  coal-  
based chemicals. 
phosphine ligands for one or two of the carbon monoxides i n  CO~(CO)~ ,  have been 
found for  the decarboxylation. These ca ta lys t s  a re  more s tab le  and m r e  eas i ly  
recoverable than is the unsubstituted ca ta lys t  (17). 
carried out i n  the laboratory on several mix turerof  coal acids obtained by alkaline 
oxidation of a low-volatile bituminous coa l  (coal A). 
isophthalic and terephthalic acids have been high. 

\! 

This factor,  

Improved ca ta lys t s ,  formed by substi tuting t e r t i a r y  alkyl- 

The decarboxylation has been 

Conversions of the BPCA to  

Another approach t o  the production of terephthalic acid from the BPCA is the Henkel 
Reaction, in  which the dry potassium s a l t s  of the acids a re  heated t o  about 400°C 

2' in  the presence of zinc o r  cadmium ca ta lys t s  under 10 o r  more atmospheres of co 

\ 
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Yields approaching 95% have been obtained on a large scale.  
used on an indus t r ia l  scale i n  Japan to produce terephthalic acid. 

It is obvious t h a t  the oxidation of coal t o  BFCA is  noncatalytic. But the two 
processes for obtaining individual compounds from the cmqlex mixtiire involve 
intriguing c a t a l y t i c  reactions which merit further s tudy .  
production of chemicals by oxidation of coal has been recently published (25). 

The process has been 

A review of the 

Chemicals from the Carbonization of Coal 

The t rad i t iona l  route t o  chemicals from coal,  and the one f i r s t  used, i s  to  extract 
and purify the chemicals contained i n  the tars obtained by the coking of coal.  The 
process is  usually ca l l ed  coal carbonization and is carried out a t  temperatures of 
about 900-1000°C. A l m o s t  any coal heated to these temperatures w i l l  give the same 

although coal contains over 70 elements, with Na, K, Ca, C1,  S i ,  Pe and T i  present 
i n  significant amunts.  Carbonization has been and sti l l  is an important source 
of chemicals since almost 90 million tons of coal were transformed in to  coke in 
1974. ( I t  is the second most important use of coal.)  The most important chemicals 
obtained from coking processes a re  aromatic compounds (benzene, toluene, xylenes, 
naphthalene, phenanthrene, anthracene, e tc . ) ,  phenols, and tar bases. 

I 

j 

products a d  we can consider coal carbonization to  essent ia l ly  be noncatalytic, / 

While coke is ord inar i ly  obtained by carbonizing coal a t  900-1OOOt (high-temperature 
carbonization), low-temperature carbonization, ordinarily carried out a t  around 
500°C, yields more t a r  and i s  a possible source of aramatic chemicals and olefine. 
Low-temperature carbonization was practiced i n  Europe and in  th i s  country some 
years ago but is not important today. The inorganic compounds i n  coal prerent 
may have some ca t a ly t i c  e f f e c t  i n  low-temperature carbonization. 

Of the many publications on carbonization products, review a r t i c l e s  by Karr (E) ,  
Weiler (27 ) .  and Muder (28) are  particularly worthwhile. 

I 
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Acetylene from coal 

Acetylene can be made from coal v i a  calcium carbide o r  i n  a plasma arc (29). both 
of which a re  noncatalytic processes. 
t o  various chemicals that can be made from acetylene (vinyl chloride,  chloro- 
ethylenes, vinyl ace ta te ,  acry loni t r i le ,  acrylates,  e tc . )  are w e l l  known. 
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The Use  of Catalysts  in Coal Gasification. James  L. Johnson, Institute of Gas 
Technology, 3424 S. State Street, Chicago, Illinois 60616. 

There is  substantial support f o r  the view that catalysts  will play an important role  in  
fu ture  processes  to convert coal  to high-Btu gases  and hydrocarbon liquids via 
gasification. Although processes  current ly  being developed for conversion of coal to 
synthetic pipeline gas (methane) necessar i ly  employ catalysts  f o r  shift and methanation 
external  to d i rec t  gasification s tages ,  experimental investigations have shown that 
catalysts  can a l so  significantly enhance react ion ra tes  and product selectivity during 
actual  gasification. The g r e a t  major i ty  of catalytic investigations, however, have been 
conducted a t  low p r e s s u r e s  using relatively low reactivity carbonaceous solids without 
volatile mat ter ,  and only a limited amount of information is  available related to 
catalysis  of coals at elevated pressures .  Cer ta in  aspects  of available chemical  infor- 
mation pertinent to d i rec t  coal gasification catalysis ,  a s  well as  shift and methanation 
catalysis, a r e  reviewed with a major  objective of pointing out potentially useful a r e a s  
f o r  fu ture  research  to  a id  in the development of improved coal  gasification processes  
through the use of catalysts. 


